SUMMARY In vivo studies of the rheological behavior of blood in the microcirculation were conducted by direct in situ measurements in cat mesentery. Upstream to downstream pressure drops were measured in unbranched arterioles, capillaries, and venules, with diameters from 7 to 58 fim. Simultaneous measurements of red cell velocity and vessel geometry facilitated computation of bulk velocity, pressure gradient, apparent viscosity, wall shear stress, and resistance. Arteriovenous distributions of these parameters revealed the following. Maximum pressure gradient (0.015 cm H 2 O/;im) occurs in the true capillaries (7 /im in diameter); intravascular wall shear stress averaged 47.1 dynes/cm 2 in arterioles and 29.0 dynes/cm 2 in venules. Extreme values as great as 200 dynes/cm 2 were observed in a few shunting arterioles. Apparent viscosity averaged 3.59 cP in arterioles, 5.15 cP in venules, and 4.22 cP overall. Intravascular resistance per unit length of microvessel varied with luminal diameter as a power law function with exponents of -4.04 for arterioles, -3.94 for venules, and -3.99 for all vessels combined. This apparent maintenance of Poiseuille's law is attributed to the opposing processes of hematocrit reduction and decreasing shear rate as blood is dispersed in successive arteriolar segments, and the converse action of these processes in the venous confluences which lessen the extent of network variations in apparent viscosity. Reductions in bulk velocity from the normal flow state to below 0.5 mm/sec resulted in increases in apparent viscosity by a factor of 2 to 10, which are attributed primarily to obstruction of the lumen by leukocyte-endothelium adhesion.
ance in the microcirculation is determined by both vascular (topographical and geometric) and intravascular (rheological) factors, the interrelationship between the two has not been well defined for normal and pathological flow states. In large part, this situation can be attributed to the lack of a suitable constitutive relationship for describing the rheological behavior of blood in the microcirculation.
In an attempt to elucidate the interaction between microvascular topography and hemorheology, Landis 1 used the classical studies of Poiseuille 2 to compute pressure gradients in individual microvessels of the frog mesentery. Using values of blood viscosity from in vitro measurements in large bore tubes and from in situ observations of red cell velocity and microvessel geometry, he computed the pressure drops anticipated in these mesenteric vessels. On comparison of these data with pressure gradients in his earlier studies, Landis 3 concluded that Poiseuille's law was not directly applicable to the microcirculation.
Descriptions of the microrheological behavior of blood in vivo are based for the most part on the classical work of Whittaker and Winton 4 who demonstrated an almost 50% lower "apparent viscosity" of blood in the isolated hindlimb of the dog. Similar results have been obtained for the isolated rabbit ear, 56 for the tail artery of the rat, 7 and for the isolated calf muscle of the cat. 8 ' 9 In an attempt to resolve these differences between in vitro and in vivo determinations of apparent viscosity, studies of isolated organs have been conducted which attribute this disparity to the presence of inertial losses outside the microcirculation proper. 10 ' u In view of the complexities inherent to the whole organ approach and the lack of adequate instrumentation for direct in situ measurements, our present knowledge of the rheological behavior of blood in the microvasculature is derived mainly from in vitro simulations. Such studies have relied on the use of glass tubes with luminal diameters comparable to the size of the red blood cell, as first described by the classical studies of Fahraeus 12 and Fahraeus and Lindqvist. 13 In these studies, a substantial reduction in tube hematocrit and apparent viscosity was found as tube diameters were decreased from 300 /im to 40 fan. Of the many subsequent in vitro tube studies in the literature, the most pertinent have been those of Barbee and Cokelet. 14 ' 15 Their results demonstrated a relationship between wall shear stress and mean blood velocity which served to predict blood rheological behavior for all tube sizes between 29 and 811 \im in luminal diameter, provided that the correct tube hematocrit was used in their empirical equation. This rheological behavior suggests that hematocrit may be the principal determinant of blood viscosity throughout successive microvascular divisions.
With the recent development of instrumentation for the direct in situ measurement of pressure gradients, flow velocity, and microvascular geometry, we have undertaken to describe the distribution of blood rheological properties throughout successive divisions of the microcirculation itself.
Methods

Equipment
The equipment and techniques used in the present study have been described in detail previously 16 and are summarized as follows: Cats of either sex, weighing between 1.5 and 3.0 kg, were anesthetized with sodium pentobarbital, 35 mg/kg body weight, iv, and given supplemental doses of 5 mg/kg as needed to maintain the initial depth of anesthesia. Systemic arterial pressure was monitored by a Statham pressure transducer (P23Db) via a catheter in the carotid artery directed toward the aorta.
The intestinal mesentery was exteriorized by a midline abdominal incision and draped over a hollow plastic support for examination by intra-vital microscopy with transillumination. The mesentery was suffused with Ringer-gelatin solution buffered with sodium bicarbonate to a pH of 7.2, and maintained at a temperature of 37°C.
A single unbranched microvessel, ranging in luminal diameter from 7 to 58 jum, was selected for hemodynamic measurements. The criteria for selection were: (1) vessel length was on the order of 20 to 30 vessel diameters, to preclude the influence of entrance effects and the presence of the micropressure pipettes on the measurements, and (2) the vessel was suitably oriented to permit intubation with micropressure pipettes in upstream and downstream positions. Upstream and downstream intravascular pressures (P up and Pdn, respectively) and pressure drop (AP = P up -Pdn) were measured simultaneously by a dual micropressure system. 16 This system consisted of two servo-null micropressure systems 17 hydraulically coupled by a highly sensitive differential pressure transducer to provide an analogue output of the pressure drop to within ±0.02 cm H 2 O. Simultaneous measurements of red blood cell velocity were made by a variation of the "two-slit" photometric technique. 18 Two photodiodes were interposed between the microscope trinocular eyepiece and a television camera to measure intravascular red cell velocity along the vessel center-line (VRBC) by the on-line cross-correlation of the photometric signatures. 19 The center-line velocity was converted to a bulk velocity of cells plus plasma (V) by using the correction factor 20 
'
21 VRBC/ V = 1.6. This factor was applied only to microvessels 10 fim or larger in luminal diameter, due to its uncertainty below this range. 21 Microvessel luminal diameter was measured concurrently with pressures and flows by processing the video image through a video image shearing monitor 22 at an effective magnification of 800 X. Following these measurements, the distance between micropipettes (/) was measured from Polaroid photomontages at 200x.
Intravascular hematocrit was measured in vessels below 15 /im in diameter by occlusion of the vessel downstream and photographically recording the red cell count. This procedure was carried out rapidly to preclude effects of cell movement due to transcapillary fluid movement. The hematocrit was computed on the basis of a mean red cell volume 23 of 57 /un 3 . This technique was applied at multiple sites along the vessel length to obtain a mean value of hematocrit.
Protocol
Suitable microvessels were selected with the aim of acquiring rheological data in successive microvascular divisions from arterioles through venules in the normal mesenteric flow state. This approach facilitated the representation of spatial variations in hemodynamic parameters throughout the microvascular network using vessel luminal diameter as an index of position.
24 Intravascular pressures, pressure drops, and red cell velocity were averaged over three to five cardiac cycles by means of an RC filter (1-to 5-second time constant) during the analogue recording. Further temporal variations resulting from the normal modulations in tissue perfusion were accounted for by numerical computation of the means and standard deviations of each parameter over a period of 1-5 minutes.
To examine the variation of rheological parameters during transient flow states, the flow in each microvessel was modulated by means of a pressureactuated cuff placed around the superior mesenteric artery. When this technique failed to produce the desired flow reduction, a blunt micro-tool was used to compress the vessel proximal to the upstream micropressure pipette. The resultant flow rate reductions were maintained for only 30 seconds to 1 minute, in most cases, to preclude secondary effects due to hypoxia or tissue injury. Data recorded during rapid transient flow rate reductions (on the order of 5 seconds or less) were used unfiltered and analyzed numerically.
This protocol was followed for measurements of hemodynamic parameters in over 150 vessels in 30 cats, with an average vessel acquisition rate of five microvessels per experiment. Successful acquisition of data was made in approximately 75% of these attempts (112 vessels), with the majority of unsuccessful measurements resulting from leukocyte and platelet adhesion to the micropressure pipettes (especially in the low flow state). Of the remaining measurements in what we believe to be the normal flow state, approximately 32% were discarded on the basis of diminished vitality of the preparation judged on the criterion that intravascular flow rate did not return to within 10% of its value following release of the proximal occlusion.
The validity of the present procedures as a measure of the normal flow state of the mesenteric preparation was assessed by comparison of intravascular pressures, red cell velocities, and volumetric flow rates with earlier studies from our laboratory 24 and were found to agree for all divisions of the mesenteric network.
Results
Arteriovenous Distribution of Rheological Parameters in the Normal Flow State
Hematocrit
A full description of the rheological behavior of blood requires the measurement of intravascular hematocrit. At the present time, no satisfactory techniques exist for the on-line measurement of hematocrit in small blood vessels of the range of internal diameters studied here (7 to 58 /xm). However, for vessel diameters between 7 and 15 jum, we have been able to measure intravascular hematocrit by the aforementioned micro-occlusion technique. For three true capillaries, ranging in diameter from 7 to 9 nm, hematocrit averaged 8.23 ± 0.44% (standard deviation). In nine arterioles and five venules ranging in diameter from 10 to 15 jam, hematocrit averaged 8.16 ± 4.28%. In comparison, systemic hematocrits of the 30 cats studied here averaged 35.5 ± 5.6%, with a range of 25.5-47.7%.
Pressure Gradient
The arteriovenous ( 
FIGURE 1 Arteriovenous distribution of intravascular pressure gradient, b*p/€ (A), and wall shear stress, T W (B). Vessel luminal diameter (abscissa) is taken as an index of position in the mesenteric network. Each point represents the mean of all measurements bracketed by standard deviations of from two to four microvessels at the discrete diameter.
units of cm H 2 O//wn. The data were grouped according to diameter rounded off to the nearest micron (l-/^m bin size) for presentation and trend analysis. Data from a total of 77 microvessels are shown, of which 51 are arterial, 25 venous, and 1 at the 7-jtim true capillary level. The solid curve represents a piece-wise cubic spline 25 smoothing of the data, obtained by a least squares estimate of the smoothest possible curve representing the overall trends.
As shown in Figure 1A , the pressure gradient gradually rises in the arterial circuitry from approximately 0.002 cm H 2 0//xm in the 58 jum arterioles to a maximum at the true capillary level of 0.015 cm H 2 0/jum. This trend is followed by a relatively abrupt fall on the venous side to approximately 0.003 cm H 2 0//i.m. For most data points, the standard deviation is on the order of 10-20% of the mean. Points shown without brackets represent data whose standard deviation was smaller than the symbol. At a few arteriole diameters, e.g., 14, 22, and 26 fan, the standard deviations are quite large. These extreme values are representative of the rapid flows in some vessels (grouped at the discrete abscissa diameter) which appeared to be shunting flow between high pressure arterioles and low pressure venules and which are characteristic of the mesenteric modular network. The large standard deviation of AP// for the 7-/i,m capillary is attributed to temporal variations consistent with the stochastic nature of capillary flow at this level of the microvasculature.
When compared with earlier data from our laboratory, 26 it is noted that the magnitudes of A P / / shown in Figure 1A are approximately twice those of the earlier study obtained by using two separate microspressure systems (Fig. 6 , reference 26) without a differential pressure transducer. In this case, the accuracy of the AP measurement was only to within ±0.25 mm Hg. Furthermore, the accuracy of the AP measurements in vivo is enhanced with the dual micropressure system by the ability to examine on-line the pulsatile pressure drop. In general, these waveforms replicated the shape of the systemic pulse pressure wave and indicated proper functioning of the micropressure system. Obstruction of the micropipettes by leukocytes or platelets, as well as failure to achieve a clean intubation, resulted in a severe distortion of the pulsatile pressure wave.
Intravascular Wall Shear Stress
The attendant distribution of intravascular wall shear stress (T W ) was obtained from the individual pressure drop measurements by consideration of the static equilibrium between pressure and shear forces, i.e., ( 
Apparent Viscosity
To delineate in vivo blood rheological behavior in the framework of a viscous fluid with a characteristic viscosity we have computed values of "apparent viscosity" based on the time averaged values of pressure drop (AP, cm H 2 O) and bulk velocity (V, mm/sec) for the measured diameter (D, fan) and length (/, jum) of each microvessel. Apparent viscosity (77) is defined here as the value of viscosity computed from Poiseuille's equation for the preceding parameters, and is given in units of centipoise (cP) as,
The resultant A-V distribution of 77 is presented in Figure 2 in a manner similar to the preceding figures. At first glance, the data appear to be uniformly distributed throughout the A-V hierarchy of microvessels. On closer inspection, the trends illuminated by the spline smoothing (solid curve) show a decrease in apparent viscosity with decreasing diameter in the arterial circuitry, and a substantial rise followed by a gradual decline in the venous vessels.
To summarize the salient features of the distribution data presented in Figures 1 and 2 , the values of D, V, AP//, 77, and T W are presented in Table 1 for separate groupings of arterial and venous vessels, and for all vessels combined. The diameter ranges comprising each grouping are also indicated.
*-VENOUS
The resulting distribution of T W is presented in Figure IB From these data, it is evident that velocity, pressure gradient, and wall shear stress are all lower in the venous circuitry, compared to arterial vessels of similar size. The most striking feature of these A-V trends is the increase in apparent viscosity from 3.59 cP in arterial vessels, to 5.15 cP in venous vessels. An average apparent viscosity of 4.22 cP was found for all vessels combined.
Intravascular Resistance
In view of the spatial variability of the preceding hemodynamic parameters throughout successive divisions of the mesenteric network, we have attempted to establish the summated effects of the various determinants of resistance by computing the resistance to flow by analogy to Ohm's law, viz,
where the volumetric flow (Q) was computed from the product of vessel cross-sectional area (wD 2 /4) and bulk velocity (V).
The resultant A-V distribution of resistance is plotted in Figure 3A as a function of diameter (abscissa). The data points represent the computed values of R (mm Hg/mm 3 /sec) based on the timeaveraged values of AP and V for 3-5 cardiac cycles. A power law regression of the form R = aD" n is also shown (solid curve). Regression coefficients are presented in Table 2 for arterial, venous, and combined data. Correlation coefficients on the order of 0.96 were obtained and errors in the exponent (95% confidence level) were all less than 1% of the computed values for each group.
The distribution of resistance in Figure 3A represents the variation in intravascular resistance in single unbranched vessels, commensurate with their topographical lengths and attendant blood rheological behavior. Micropressure pipettes are inserted as close to vessel bifurcation points as possible to reflect the individual vessel lengths. The most striking feature of the resistance distribution is the almost 5-decade increase on approaching the true capillaries from both arterial and venous sides. This behavior is intriguing in view of the apparent dis- persion of the data in the preceding figures and serves to emphasize the overwhelming importance of microvessel luminal diameter as a determinant of resistance.
To elucidate further the dependency of microvascular resistance on internal diameter, we have presented in Figure 3B the resistance per unit length, R / / (mm Hg/mm 3 /sec/jum) vs. lumen diameter, for both arterial and venous microvessels. The solid curves represent power law regressions of the form, = bD" (4) and were computed in a fashion similar to those of Figure 3A . The corresponding regression parameters are also presented in Table 2 . From these data, we find regression exponents for arterial, venous, and combined data of 4.04, 3.94, and 3.99, respectively. The occurrence of these values is indeed rather remarkable. If blood behaved as a Newtonian fluid with a fully developed flow (parabolic velocity profile) in a smooth wall tube of circular cross-section, the regression exponents in Equation 4 would be 4.00 as dictated by Poiseuille's equation. Also, a 43% higher blood viscosity in the venous circuitry in comparison to arterial vessels of similar size (computed from mean values in Table 1 ) takes the form of only a 5% higher coefficient (b) in Equation 4 (i.e., 1.07 x 10 6 as compared to 1.02 x 10 6 ). In light of Poiseuille's relationship, one would expect these coefficients to show an increase proportional to the attendant change in viscosity. However, due to the spatial variability of TJ throughout the network, it appears that the fourth power relationship is maintained.
To illuminate this point further in the context of the relationship between Equations 2 and 3, we may examine the effective viscosity of the blood as it courses through sequential segments of the mes- As shown by Equation 6 , the value of TJ* is not independent of diameter unless m equals 4.0. Thus, we cannot compute one characteristic value of TJ* for each of the arterial and venous resistance distributions. As a result, the value of TJ* for the mesenteric network increases by 9% from a value of 2.83 cP in the 58-/^m arterioles, to 3.08 cP at the true capillary level, D = 7 jum. On traversing the network from the 58-jum venules to the 7-jtim capillaries, TJ* decreases 13% from 4.55 to 3.97 cP, respectively.
The Variation of Blood Rheological Properties with Intravascular Bulk Velocity
In vitro studies have established that the rheological properties of blood are strongly dependent on shear rate-related phenomena. To investigate this relationship as it appears in the constituent microvessels of the mesenteric network, we have obtained intravascular wall shear stress and apparent viscosity as a function of bulk velocity by direct manipulation of flow in a given microvessel.
Presented in Figure 4A is the variation of wall shear stress, T W , VS. bulk velocity, V, for a 39-/im 
V (mm/sec) FIGURE 4 Wall shear stress, T W (A), and apparent viscosity, -x] (B), vs. bulk velocity of cells plus plasma, V, for a single unbranched arteriole of 39 fim luminal diameter. The solid curves represent nonlinear regressions of the equations shown with the indicated number of data points (N) and correlation coefficient (R).
arteriole, acquired by reduction of flow in the superior mesenteric artery (cf. Methods). Each point represents the computed T W averaged in time over three to five cardiac cycles, and in turn averaged for the discrete value of V represented by the abscissa. The standard deviations are shown for each discrete velocity, when larger than the symbol. During this short term flow reduction (less than 2 minutes), vasomotor adjustments did not occur and, hence, diameter remained constant. In cases where temporal variations in diameter occurred during flow modulation, the rheological data were grouped according to vessel diameter, as described subsequently. The solid curve represents a nonlinear regression of the data based on the equation, T W 1/2 = CI + C 2 V 1/2 . The use of this relationship was motivated by the Casson model 27 of rheological behavior, as described previously. 16 The resultant regression equation is shown in Figure 6 for 87 data points. A reasonably good correlation was found, as evidenced by the correlation coefficient (r) of 0.99, which implies that 98% (r 2 ) of the trend in the data is represented by the regression equation. Although the physical processes represented by Casson's equation 27 have not been substantiated by the present study (i.e., the disruption of a flocculated suspension with increasing shear rate), the form of the regression equation does appear to give the best fit to the data. 16 We observe in Figure 4A a ) in this microvessel. Reports in the literature cite in vitro yield stresses on the order of 10" 3 to 10~2 dynes/cm 2 , depending strongly on hematocrit. 28 The significance of this difference is not readily apparent in view of the nature of the in vitro and in vivo measurement techniques. In vitro velocities (and shear rates) are typically two or more decades lower than any velocity measured here.
The attendant variation of apparent viscosity is similarly presented in Figure 4B . As in the case of the yield stress, the asymptotic apparent viscosities found here are not readily relatable to in vitro estimates. The low values found here are on the order of values expected for the plasma viscosity. In view of the lack of any drastic reductions in hematocrit which would result in such low values of TJ, we interpret the values of rjasy and Tyi ew as simply two parameters characteristic of the shapes of the in vivo curve fits, established for the limited range of velocities studied. For velocities above and below the range studied here, we expect the shape of the curves to change such that a different form of the regression equations would be needed to represent the data.
Inasmuch as vasomotion and the tendency for platelet and leukocytes to adhere to the micropressure pipettes in the low flow state preclude the acquisition of rheological data over substantial ranges in bulk velocity, we have elected to group the acquired data according to vessel diameter (in increments of approximately 5 /tin). An illustrative grouping of T W VS. V is presented in Figure 5A for nine arterioles and five venules ranging in diameter from 10 to 15 fim. The group regression line is also shown for the 360 data points from the 14 microvessels with a regression correlation coefficient of 
FIGURE 5 Wall shear stress, T W (A), and apparent viscosity, 7) (B), vs. bulk velocity, V, for nine arterioles and five venules. Nonlinear regressions of the grouped data are shown with the number of data points (N) and correlation coefficients (R).
0.92, which is indicative of 85% agreement with the data trends. It is readily apparent that high shear stresses (61.5 dynes/cm 2 , as computed from the regression) exist in these vessels at mean velocities of 3.5 mm/sec, which are typical velocities in arterioles under normal steady state conditions in mesenteric preparations. Data for velocities below 1 mm/sec were obtained by proximal occlusion. For this group of data, an extrapolated yield stress of 1.49 dynes/cm 2 is found. Intravascular hematocrit averaged 8.16 ± 4.28%.
The corresponding variation in apparent viscosity is presented in Figure 5B for these nine arterioles and five venules. A 6-fold increase in TJ, from approximately 2.5 cP to 15 cP is found for a decrease in bulk velocity from 3.5 mm/sec to 0.2 mm/sec. The regression curve demonstrates an asymptotic value for rj of 1.04 cP. The comparatively lower regression correlation coefficient of TJ VS. V (0.67) is evidently due to the increased scatter arising from the appearance of V in the definition of TJ (c.f.
Equation 2).
To present these rheological trends in the framework of existing in vitro viscometric studies, it is desirable to relate T W and TJ to the wall shear rate (y, sec" 1 ). We have chosen as our index of wall shear rate the reduced bulk velocity, U, defined as V/D, which for a Newtonian fluid equals y/8. This parameter has been shown to be an adequate representation of the rheological behavior of blood in glass tubes comparable in size to vessels of the microcirculation. 15 The distribution of U from arterioles to venules is presented in Figure 6 for the velocity distribution of the mesenteric network in the normal flow state. This curve was computed from the spline smoothing of the A-V bulk velocity distribution. The dashed section of the curve represents the region where the relationship between VRBC and V is uncertain. We find that as the blood traverses the mesenteric network from arteriole to venule, U rises to a maximum of 230 sec" 1 in the 30-/tm arterioles. Following this maximum, tj falls to a minimum of 60 sec" 1 in the 20-/xm venules and gradually rises thereafter. These trends are representative of values of U throughout successive network divisions and, as will be shown subsequently, can vary considerably in each segment due to spatial variations in velocity.
To illustrate the dependency of the in vivo rheological data on U, we have presented in Figure 7A the variation of T W VS. U for 17 arterioles and 6 venules ranging in diameter from 21 to 25 /an. The range of U is shown to extend from a minimum of 6 sec" 1 up to a maximum of 1000 sec" 1 . The maximum U of 1000 sec" 1 was obtained in a 25-fim arteriole with a bulk velocity of approximately 25 mm/sec. Wall shear stresses as great as 200 dynes/cm 2 were computed for this arteriole. Also shown in Figure 7A , which is analogous to the Casson equation. 27 For the 471 data points shown, a regression correlation coefficient of 0.95 was obtained. Extrapolation of the regression line to zero U reveals a yield stress of 4.24 dynes/cm 2 . The corresponding variation of TJ with 0 for this group of 21-to 25-jum vessels is presented in Figure  7B . At U = 1000 sec" 1 we find values of TJ ranging from 1.5 to 3.0 cP. With reductions in U, we see a substantial rise in TJ to a value of approximately 12.0 cP at U = 10 sec" 1 , which corresponds to a bulk velocity on the order of 0.2 mm/sec. An asymptotic TJ of 1.04 cP results from the regression equation.
In a rheological context, the plots of T W VS. U and Tj vs. U in Figure 7 should serve to remove the dependency of these parameters on vessel diameter. In vitro studies 14 ' 15 have demonstrated a unique functional relationship between wall shear stress, reduced velocity, and intravascular hematocrit (H), which serves to enumerate the trends of T W VS. U in glass tubes ranging in diameter from 29 to 811 jiim. In view of our inability to measure hematocrit in vessels larger than 15 jum, and in anticipation of heretofore unknown rheological factors, we have made a comparison of all T W VS. \J regression curves for eight diameter groupings (5-jum intervals) representing 113 arterioles and venules for which the variation of T W and TJ with \J could be analyzed. The resulting regression statistics of T W VS. U are presented in Table 3 . Shown there are the diameter ranges, number, and types of vessels comprising each group, the number of data points analyzed, and the regression equation coefficients. Also shown are the regression correlation coefficients and the error variance, E v . The error variance is an index of dispersion of the data around the regression line, and is defined as
where Yi is the i th measured data point, Y r the value Art". = arterial; Ven. = venous.
predicted by the regression equation at the same abscissa value, and N is the number of data points. Also shown in Table 3 are the regression parameters for the data of two single microvessels, for which an adequate number of measurements were obtained to permit a correlation with U. These consist of a single arteriole 39 jum in diameter, shown in Figure 4 , and a 50-jum venule. In all groupings, the correlation coefficients vary from a low of 0.761 in the 41-to 45-jum group, to a high of 0.982 in the 32-to 34-jum group.
The computed regression curves of T W VS. U are presented graphically in Figure 8 (solid curves). The curves representing the 46-to 50-/im group and the 57-to 58-jiim group, from Table 3 , have been omitted for clarity since they fell close to curves 3 and 7, respectively. The dashed curves in Figure 8 represent the upper and lower bounds of the in vitro tube studies for human blood in a 29-jum glass tube. 15 The upper dashed curve corresponds to a 35.8% tube hematocrit and the lower curve to an 8.8% hematocrit. It is clear that the in vitro and in vivo data fail to coincide at values of U less than 100 sec" 1 . As in most in vitro studies to date, the range of U lies below that commonly found in vivo. The majority of the present data ranged from 10 to 300 sec" 1 . The only in vivo curve which lies within the in vitro range of T W is that for the 26-to 30-jum group, comprised of seven arterioles and four venules.
The disparity between in vivo and in vitro data brings to light two interesting features of the data: (1) the magnitude of the difference between upper and lower bounds of the in vivo T W curves appears to be greater than that of the in vitro data by a factor of 10 at U = 10 sec" 1 , and by a factor of 4 at U = 100 sec" 1 ; and (2) the extrapolated yield stresses range from 0.05 dynes/cm 2 (curve 4) to 11.4 dynes/cm 2 (curve 7) at U = 0, which is orders of 30 This estimate is based on errors of 1% in AP, 5% in V, 5% in D, and 1% in vessel length which are based on in vitro calibrations of the instrumentation. If AP is measured to within only 20% and diameter to within 10%, then a worst case estimate of the error in T W is then 31%, which fails to explain the disparity. Hence, we must seek other factors which might contribute to these differences.
Discussion
The present data afford us the opportunity to weigh the relative roles of rheological and topographical determinants of microvascular perfusion. For example, the pressure gradients (Fig. 1A) for the constituent vessels of the mesenteric network reveal a maximum value at the true capillary level (D = 7 /xm). In contrast, a random sampling of intravascular pressure throughout the network 24 reveals a different trend. As the blood courses through the network from large arterioles to large venules, pressure decreases at a maximum rate in the small arterioles, 25 to 35 jim in diameter (c.f. Fig. 5,  reference 26 ). This disparity between pressure gradients within individual vessels, and the network in its entirety, is primarily a result of the spatial deployment and number of microvessels of a given length and diameter.
The A-V distribution of apparent viscosity throughout the network and the maintenance of an almost fourth power relationship between resistance per unit length and internal diameter place in perspective the importance of vascular and intravascular factors contributing to resistance. Although apparent viscosity may vary throughout the network by a factor of 10 ( Fig. 2) , presumably due to hematocrit and shear rate-dependent phenomena, the 5-decade variation of resistance with vessel diameter appears to be the major determinant of pressures and flows at the true capillary level.
It has been shown by in vitro experiments 28 that apparent viscosity is increased by as much as a factor of 10 to 100 (depending on shear rate) as hematocrit is increased from 0 to 70%. Conversely, it can be decreased by a factor of as much as 100 in the face of increasing shear rate from on the order of 0.1 to 10 3 sec" 1 . Such changes suggest a possible in vivo mechanism that maintains a fourth power relationship. As blood traverses the network from arterioles to capillaries, the effects of the decreasing hematocrit that would surface as a decrease in apparent viscosity, would be countered by commensurate shear rate reductions (velocity), the effect of which would tend to elevate apparent viscosity. The converse of these processes would provide the same counter effect in the venous confluences. The observation that apparent viscosities (c.f. Table 1) are on the average generally higher in the venous circuitry may reflect the lower intravascular velocities in this part of the network. Nonetheless, the fourth power effect of diameter still prevails, and hence hematocrit and shear rate-related phenomena may be of secondary importance in regulation and control of the microcirculation in the normal flow state.
The resulting interaction of the blood with the endothelial wall may be characterized by the A-V distribution of intravascular wall shear stress, T W . Numerous studies have emphasized the importance of T W in the pathogenesis of vascular disorders. Considerable spatial variability of T W is found throughout the microvascular network, with maximum values occurring in small arterioles, 25 to 35 fim in diameter. That this location coincides with the maximum drop in pressure throughout the network as a whole 26 is believed to be characteristic of the mesenteric network. The extreme values of T W found here (200 dynes/cm 2 ) for apparently shunting vessels reveal for the first time the capability of the vasculature to endure such high shear stresses in the normal flow state. High in situ values of this magnitude have been related to the endothelial cell damage (375 dynes/cm 2 ) observed in the aorta. 31 Variations of apparent viscosity and wall shear stress were also compared with modulations in intravascular velocity. The disparity between the present data and those of previous in vitro studies is strong evidence that additional factors influence the in vivo rheological behavior of blood. Although it is generally accepted that hematocrit variations would be capable of such differences, our observations indicated that hematocrit did not vary appreciably. The optical opacity of the microvessels (as observed visually) did not change substantially during these transient flow reductions. A major difference between the present data and those of the in vitro simulations is the absence of leukocytes in the washed red cell suspensions 15 of the latter approach. When microvascular flow velocities are reduced below 0.5 mm/sec, leukocytes were found to adhere to the endothelial wall, 32 ' 33 and partially to obstruct the vessel lumen. This process would result in an increase in flow resistance manifest in the present study as an increase in apparent viscosity, since this parameter is computed on the basis of the unobstructed vessel diameter.
Thus, the adhesive forces between leukocyte and microvessel endothelium and the ability to immobilize leukocytes (which is in turn related to blood velocity 34 ) may be a major factor governing resistance in the low flow state. In the normal flow state, the potential increase in resistance by a large number of leukocytes adhering to the venule wall may be countered by a concomitant reduction in hematocrit in the venous circuitry. Hence, the resistance per unit length in Figure 3B fails to demonstrate significant differences between arterial and venous trends.
Additional factors affecting a difference between in vivo and in vitro viscometry might result from the relatively rough endothelial wall, compared to smooth glass surfaces, as well as the effects of secondary flows associated with transcapillary exchange. Theoretical computations have estimated the magnitude of a potential transcapillary fluid flux by application of the techniques of network analysis. 35 The results indicate that the exchange flux would be on the order of 0.1% of the volumetric flow rate in these mesenteric microvessels. Although only a negligible factor in the mesentery, such flows might play a significant role in other tissues, such as in the glomerular and peritubular capillaries of the kidney where transcapillary exchange may be 100 times greater (about 10%).
In conclusion, we have attempted to delineate the relative contribution of vascular and intravascular factors on blood flow in the microcirculation. Much additional data are required before a final answer to the complexities of microvascular perfusion can be obtained. An obvious next step would be the development of techniques for the on-line in situ measurement of hematocrit. With such information at hand, one could investigate more thoroughly the feedback mechanisms governing the state of perfusion and rheological parameters during active and passive adjustments.
